In protein structure space, protein structures cluster into four elongated regions when mapped based solely on similarity among the 3D structures. These four regions correspond to the four major classes of present-day proteins defined by the contents of secondary structure types and their topological arrangement. Evolution of and restriction to these four classes suggest that, in most cases, the evolution of genes may have been constrained or selected to those genetic changes that results in structurally stable proteins occupying one of the four ''allowed'' regions of the protein structure space, ''structural selection,'' an important component of natural selection in gene evolution. Our studies on tracing the ''common structural ancestor'' for each protein sequence family of known structure suggest that: (i) recently emerged proteins belong mostly to three classes; (ii) the proteins that emerged earlier evolved to gain a new class; and (iii) the proteins that emerged earliest evolved to become the present-day proteins in the four major classes, with the fourth-class proteins becoming the most dominant population. Furthermore, our studies also show that not all present-day proteins evolved from one single set of proteins in the last common ancestral organism, but new common ancestral proteins were ''born'' at different evolutionary times, not traceable to one or two ancestral proteins: ''the multiple birth model'' for the evolution of protein sequence families.
T he protein universe (1) , the totality of all proteins in all organisms on earth, is vast. However, an estimate of the order of magnitude can be made (Table 1) : Although the currently known genome sizes range from 10 6 to 10 11 DNA base pairs, the number of genes are estimated to range only from 10 3 to Ͻ10 5 per organism (www.ncbi.nlm.nih.gov͞genomes). Taking the estimated 13.6 million species of living organisms on Earth (2) , which is very likely to be an underestimate, into account, there are Ͼ10 10 to 10 12 different proteins in all organisms from the three domains of life (Eukarya, Bacteria, and Archaea) on Earth. However, this vast number of proteins are predicted to consist of only Ϸ10 5 sequence domain families (3) , the members of each family having similar amino acid sequences (4) . The sizes of the sequence domain families have a power law distribution ( Fig. 1 ): Most families have a small number of members, but some have a very large number of members. We expect similar distribution for sequence families. Most of these Ϸ10 5 sequence families are estimated to belong to Ϸ10 4 structural families (5) (6) (7) , because some sequence families turn out to have the same 3D structural fold. Some protein structures consist of more than one domain and, at present, Ϸ10 3 structures of fold domains are known (8) .
There has been a long history of attempts for classification of known protein structures based on subjective analysis of the secondary structure contents of proteins and their topological arrangements in the structures (9) (10) (11) (12) and on objective analysis of 3D coordinates of C ␣ atoms in protein structures (1, 13, 14) . These attempts resulted in, among others, two excellent databases of protein structure classification, CATH (14) and SCOP (11) . A recent study, based solely on objective similarity among the 3D structures represented by C ␣ atoms and using a much larger structure database and multidimensional scaling, revealed that all of the known protein folds (15) and protein structures (16) cluster into four elongated regions in the very sparsely populated protein structure space ( Fig. 2) . Interestingly, these four groups correspond approximately to the four classes defined by Levitt and Chothia (9) and used in SCOP, the Structural Classification of Proteins (11) .
The fact that most of proteins are structured and that the protein structure space is very sparsely populated and restricted mostly to the four elongated regions suggest that mutations in genes encoding proteins have been constrained to those resulting in a structurally viable protein occupying one of the four allowed regions of the protein structure space: structural selection or ''designability'' (17, 18) .
To obtain information on the evolution of these structural classes, we present a simple way of estimating the evolutionary ages of the common structural ancestor (CSA) of each protein sequence family of known fold. Assigning the age of the CSA of a protein family represented by each representative protein in the protein structure space (16) makes it possible to imbed the evolutionary information into the map of protein structure universe. We assign the age of the CSA of a protein family to be the same as the age of the most recent common ancestral organism that presumably contained the CSA of the family. Finally, we convert the map of the protein structure universe into the map of the ages of CSAs. Based on the analysis of these maps of protein structure universe and the evolutionary ages of the CSAs, we propose a model for the evolution of protein structural classes and a model for the evolution of protein sequence families.
We start with the following facts and assumptions:
(i) There is a key difference between the evolution of organisms vs. the evolution of proteins: the current model of evolution of organisms has the absolute requirement of reproduction of organisms and, thus, all present-day organisms ultimately come from one common ancestor organism. However, the evolution of proteins, therefore genes, does not need to follow the evolutionary path of organismic reproduction. Rather, the evolution of proteins is directly related to improved, unaltered, or diversified molecular functions, and the protein function is directly related to protein structure. (ii) Protein structures are more conserved than sequences in evolution, thus most proteins in a given sequence family have similar or related molecular structures. (iii) All information about protein structures is derived from the proteins of present-day organisms, and the protein universe of the present-day organisms represents a time-sliced view of all proteins at their various stages of evolution.
Results
Evolutionary Age of CSAs. Mapping the protein structure universe revealed four major clusters of protein structures (1, 15, 16 ). An examination of the map suggested a hint of imbedded evolutionary time in the map. To estimate the ''age'' of a protein structure in the map, we define the term CSA: For a given protein structure, all its sequence homologues are searched from a sequence database, for example, from the Pfam database (3), and all of the organisms that contain the genes coding for the members of that sequence family are identified. We then find the most recent common ancestor (MRCA) node of these organisms in the phylogenetic tree of life constructed based on the small subunit rRNA gene as described in Materials and Methods. We make an assumption that the CSA of the protein and its family members was present in the MRCA organism (Fig. 3a) , and that the age of the CSA is represented by the phylogenetic distance between the MRCA and the reference node in the tree. The proecdure is shown schematically in Fig. 3b .
Evolution of the Relative Abundance of the Protein Structural Classes.
When each protein structure in the protein structure space (Fig.  2) is represented by the relative age of the CSA (Fig. 4a ) of the protein family to which it belongs, we see a general trend: the proteins with young CSA age (blue) belong mostly to three classes (␣, ␤, and ␣ϩ␤ classes), those with middle age (green or yellow) belong to the same three classes plus ␣͞␤ class, and, finally, the majority of the CSAs of old age (red) belong to ␣͞␤ class. This observation suggests that recently born and stillevolving proteins belong to all-␣ or all-␤ class (as well as their random mixtures, ␣ϩ␤ class), but the majority of the ''mature'' proteins belong to ␣͞␤ class. The trends of the evolution of the protein structural classes are more easily visible in a distribution of structural classes across the evolutionary ages ( Fig. 4b Upper) or the relative percent population of structural classes in a given evolutionary age ( Fig. 4b Lower) .
We also notice that the protein chain lengths correlate significantly (Spearman's rank correlation coefficient r ϭ 0.3098, P Ͻ 2 ϫ 10 Ϫ16 ) with the ages of CSAs (Fig. 4c ). These observations combined with the assumption that the present-day proteins represent the entire spectrum of proteins at different stages of evolution from their respective CSAs, we propose a scenario for the evolution of protein structural classes: ancestral proteins of small short secondary structures primarily in three classes (␣, ␤, and ␣ϩ␤ classes) evolve to medium-sized proteins of four classes (␣, ␤, ␣ϩ␤, and ␣͞␤ classes) in roughly similar proportions, then to larger proteins with a preponderance in ␣͞␤ class, as schematically shown in Fig. 5 .
Evolution of Protein Families: Multiple Birth Model.
We have expanded our approach to estimate the evolutionary ages of all curated protein sequence families in Pfam. As was evident from the ages of the CSAs of the proteins with known structural folds, not all present-day proteins are evolved from the proteins of the last common ancestor, but new CSAs can be traced to various points through out the evolutionary time. The above information combined again with the assumption that the protein universe of the present-day organisms represents a time-sliced view of all proteins at their various stages of evolution; we propose a possible scenario for the evolution of protein families as illustrated in Fig. 6 . We hypothesize that, although all present-day organisms may have evolved from the last common ancestral organisms by organismic replication from an ancestor to a descendant organism, most of the present-day protein families were not evolved from their ancestor proteins existed in the last common ancestral organism (Fig. 6a) as expected for ''the single birth model'' of protein family evolution (19) , but new CSAs were born throughout evolutionary time (Fig.  6b , the multiple birth model of protein evolution), and they evolved to the present-day proteins or died out.
Discussion
We emphasize that our studies are aimed at gaining a coarsegrained global view and overall trends associated with the evolution of the protein structure classes and sequence families. In our multistep processes projecting the evolutionary ages onto the protein structural space map, many details are ''smoothed out'' to extract the major trends of evolution of the protein structure classes and sequence families, such as the effect of horizontal gene transfer and sampling of only those globular proteins for which the 3D structures are known. For example, we remove those proteins that may have entered an organism through horizontal gene transfer by the jackknife test as described in Materials and Methods. Some of our conclusion is consistent with others. For example, the ␣͞␤ class proteins as the most ancient proteins also have been suggested by parsimonious scenario of fold occurrence in genomes (20) , and birth, death, and diversification of genes have been described in ref. 21 .
There are several questions invoked by the features of the protein structural space and its evolutionary implications. Some of them are as follows:
(i) How is the gene for a new CSA born? Because the new CSA has no traceable single ancestral protein, we propose that the new gene for the CSA was constructed of multiple gene fragments, for example, by multiple recombination events mediated by phages, viruses, or other mechanisms. (ii) Is the protein structure space constantly expanding or has it reached an equilibrium state? One possible argument for the equilibrium state is that a newly born protein evolves Fig. 3 . Schematic diagram for building a phylogenetic tree representing all of the organisms that contain the proteins of known structures or their sequence homologues (a) and assigning the age of the CSA of a protein family (b). The MRCA organism of the organisms represented by the members of a protein family is traced in the e tree (red solid line). We then assume that the CSA resided in MRCA organism, and we assign the phylogenetic distance (the sum of black thick solid lines) from present day to MRCA as the age of the CSA.
into gradually larger-sized proteins of improved, neutral, or diversified functions until it reaches an equilibrium, at which point destabilizing effects of the large size (of the protein, thus, its gene) outweigh the additional changes in function or diversity.
(iii) What is the implication of Fig. 3 that reveals three evolutionary stages where the relative abundance of the four major protein structure classes changed their relative ranking? One possible implication is that there were three evolutionary periods when the Earth environment changed dramatically. The sum of CSAs in all four classes at a given age is normalized to 1, and the percentage population for four classes is plotted for that age. Both are alternative presentations of Fig. 4a. (c) The ''chain length map'' of the protein structure space, where each of the nonredundant protein structures is represented by its chain length: from blue for proteins of short chain length (Ͻ50 residues) to red for those of long chain length (Ͼ300 residues). The proteins near the origin are short, and those near the ends of the feature axes are large.
Materials and Methods

Construction of a Phylogenetic Tree Representing All of the Organisms That Contain the Proteins of Known Structures or Their Sequence
Homologues. We used the 1,898 protein chains representing a nonredundant set of all of the known protein structures in Protein Data Bank (PDB) [PDBselect 25 data set (22) used by Hou et al. (16) for mapping the protein structure space] as a reference data set. For each chain, we identified the protein domain family in the Pfam database (Release 16.0) (3) to which it belongs and all of the organisms represented by the members of the family. To reconstruct the phylogenetic tree of organisms covering all members of the retrieved protein families, we combined the taxonomic sources of all members of the protein families and extracted nonredundant species (65,532 organisms).
To simplify the tree structure, we grouped the nonredundant organisms at a higher level of taxonomic classification. When the fourth level of taxonomic classification listed in the Pfam database is used for grouping, the final number of taxa was reduced to 468. Among them, the gene sequences of small subunit rRNA (16S rRNA of prokaryotes or 18S rRNA of eukaryotes) of 345 taxa were available in the European ribosomal RNA database (23) ( Table 2 , which is published as supporting information on the PNAS web site). For each of these 345 taxa, we chose the longest small subunit rRNA sequence (but not shorter than 1,200 bases). Using these prealigned rRNA sequences, a universal tree of life for the 345 taxa was constructed by using neighbor joining (NJ) and maximum likelihood (ML) methods by using the PHYLIP package (24) . For the NJ tree, we used 100 bootstrapped sequence replicates and obtained a consensus tree. Because the consensus tree does not produce branch lengths, the branch lengths of the consensus tree were recalculated from maximum likelihood method while keeping NJ tree topology. The ML tree was built under the assumption of constant rate with F84 model of sequence evolution. For both tree-building procedures, we used a bacterial taxon (Aqufiex pyrophilus) as an outgroup. Because both trees were topologically similar and the evolutionary ages of protein structural classes calculated by the method (see below) showed no disparity in terms of shape of distribution and overall trend ( Fig. 7 , which is published as supporting information on the PNAS web site), we selected the ML tree as a reference tree for the purpose of obtaining a global view of the phylogenetic relationship among the organisms at a higher taxonomic level.
Estimating the Relative Age of the CSAs. We make the assumption that the CSA of a given protein sequence family appeared most recently in an organism at the MRCA node and the age of the CSA is represented by the branch length between the MRCA and a common reference node. To determine the MRCA node in the tree, we mapped all members of the Pfam family to which a given protein of known structure belongs on the tree. To remove the effect of horizontal gene transfer on estimating the CSA ages, we first tested the congruency of multiple MRCA nodes of the organisms represented by a protein family by using a jackknife operation: Each MRCA node is identified for all member organisms minus one, and the evolutionary age of the MRCA is estimated; examine the ages of the multiple MRCAs and remove those that are statistically outside of the monomodal distribution; and take the median value of the remaining Fig. 5 . Proposed scenario for the evolution of protein structural classes extrapolated from the age map of common structural ancestors. The age map (Fig. 4a ) is a snapshot at present time of the global evolutionary process of protein structural classes. The observation that the age map is highly correlated with the chain length map (Fig. 4c) suggests an evolutionary history of structural classes in which ancestral proteins of small and short secondary structures primarily in three classes (␣, ␤, and ␣ϩ␤ classes) evolve to medium-sized proteins in four classes (␣, ␤, ␣ϩ␤, and ␣͞␤ classes) with the least amount in ␣͞␤ class, then to larger proteins with a preponderance in ␣͞␤ class. ages. The ages of CSAs were normalized to be in the range of 0 to 1. These relative ages are assigned to each of the 1,898 nonredundant protein structures in the protein structure space to visualize the major features of the distribution of the ages vs. protein structure classes (see below).
Mapping the Relative Ages of CSAs on the Protein Structure Space.
Mapping of the relative ages of proteins of known structure is done in two stages: First, 1,898 nonredundant protein structures are positions (mapped) in the protein structure space based on their all-to-all structural similarities as described in Hou et al. (15, 16) and briefly summarized below. As mentioned earlier, we used the PDBselect 25 data set, which contained 1,949 protein chains with Ͻ25% pairwise sequence identity. Of those, 51 chains were further removed because of low resolution or length requirements of the DaliLite (25) program that we used to calculate the similarity of protein structures. The remaining data set has 1,898 chains. The pairwise structural similarity for the 1,898 protein chains were measured by using the DaliLite program. The 1,898 ϫ 1,898 similarity score matrix [s ij ] (where i ϭ 1,. . . ,1,898; j ϭ 1,. . . ,1,898) was converted to dissimilarity matrix [d ij ], ''distance metrix,'' by using where s 99.95 is the 99.95 percentile value of the maximum value among all off-diagonal s ij 's (i.e., i j). The dissimilarity matrix then was subject to the classical multidimensional scaling (MDS) procedure (26) to find the positional coordinates in a multidimensional (1,898 dimension) space of the protein structure universe. We used s 99.95 to prevent a few extremely large similarity scores from dominating the distribution feature of the structural space map. To capture and visualize the major features of the high dimensional space, we represent the protein structure space in three dimensions (Fig. 1 ) by using the three components with highest eigenvalues, which are substantially greater than the rest. Second, we represent the relative age of each of the nonredundant protein structures by the relative age of the CSA of the sequence family to which that particular protein belongs. Then, we population average by replacing the age of each CSA by the average age of 22 nearest neighbors weighted on the distances in the map. The number of nearest neighbors was chosen by the median of the number of statistically significant score pairs (DaliLite z score Ն2) of 1,898 protein chains. The weighted population averaging is to visualize the major trends of the ''age map of CSAs'' and to smooth out the ''noise'' due to factors such as horizontal transfer of genes, sparse sampling of protein families, and the members of each family (Fig. 4 ).
